Background {#Sec1}
==========

Cancer is one of the leading causes of death worldwide \[[@CR1]\] and the leading cause of mortality in Ontario, Canada \[[@CR2]\]. A 2018 report by Cancer Care Ontario found that Ontarians have a 1 in 2 chance of being diagnosed with cancer in their lifetime \[[@CR2]\]. Furthermore, cancer prevalence in Canada is expected to increase substantially over the next decade due to the aging population \[[@CR3]\]. A substantial proportion of cancer cases are attributable to avoidable risk factors \[[@CR4], [@CR5]\], making prevention an important strategy for reducing the burden of cancer. Carcinogens in the environment comprise one potentially avoidable risk factor. Understanding the comparative cancer burden from carcinogenic exposures may help decision-makers to prioritize carcinogens for additional policy interventions to reduce exposures and risks. There have been multiple recent efforts to estimate the cancer burden associated with lifestyle, behavioral, and environmental factors in the United States \[[@CR6]\], the United Kingdom \[[@CR7], [@CR8]\], Australia \[[@CR9]\], and Alberta, Canada \[[@CR5]\]. However, these studies restricted their examination of environmental carcinogens to air pollution, second-hand smoke, and radiation sources (e.g., radon and solar UV). As such, they did not examine many carcinogens that exist in air, water, and soil such as persistent organic pollutants (e.g., dioxins) or metals (e.g., arsenic). On the other hand, there have been broad environmental cancer assessments examining pollutants, though these have not used a systematic process to select the environmental carcinogens. For example, Hänninen and Knol examined the environmental burden of cancer from dioxin and benzene (in addition to air pollution, radon, and second-hand smoke) in Europe, using a group of environmental health experts to select the carcinogens based on public health impact, individual risk, and political/public concern \[[@CR10]\].Hänninen and Knol applied one method to all carcinogens, regardless of the type of toxicity information that was available. Woodruff et al. estimated excess cancer risk for hazardous air pollutants in the United States, such as formaldehyde, benzene, chromium, and 1,3-butadiene \[[@CR11]\].

In this study, we wished to examine the relative burden of incident cancers from carcinogens in the environment with potential for community exposures. We used a systematic process to select the carcinogens. We employed established methods to examine the burden of cancer, using the method that was most appropriate to the available toxicity information. The objective of this study was to compare the cancer burden across environmental carcinogens and exposure pathways to better understand the relative public health impact of each.

Methods {#Sec2}
=======

This study aimed to evaluate the cancer burden associated with exposure to select environmental carcinogens with potential for community exposure in Ontario, Canada. We identified carcinogen concentrations for multiple routes of exposure and relevant toxicity information (concentration-response relationships). Based on the toxicity information available for the carcinogen, we employed a suitable method to estimate the cancer burden in a probabilistic analysis.

Carcinogen selection {#Sec3}
--------------------

We followed the general approach of Kauppinen et al. (2000) \[[@CR12]\] and Setton et al. (2013) \[[@CR13]\] to systematically select environmental carcinogens starting with reviews of carcinogenic agents available from the International Agency for Research on Cancer (IARC) \[[@CR13]\]. At the time of our study, a total of 188 agents had been identified by IARC as "carcinogenic to humans" (Group 1) or "probably carcinogenic to humans" (Group 2A). We identified 52 of the 188 agents as having potential for exposure in the community environment, whether through air, food, water, dust, or other pathways. We excluded 136 agents with low likelihood of community exposure. Namely, agents we classified as: occupational (e.g., coal tar pitch; *n* = 57), pharmacological (e.g., tamoxifen; *n* = 38), microbiological (e.g., aflatoxin; *n* = 15), nutritional (e.g., betel quid; *n* = 11), hormonal (e.g., estrogen therapy; *n* = 7), radionuclide (e.g., plutonium, n = 7), or behavioral (i.e., direct smoking or use of tanning beds; *n* = 2). The full classification details are presented in Additional file [1](#MOESM1){ref-type="media"} and elsewhere \[[@CR14]\].

Of the 52 environmental agents, we grouped related carcinogens together (e.g., different forms of polycyclic aromatic hydrocarbons), reducing the number of agents to 38. We then excluded 14 agents after determining, upon further evaluation, that the general population in Ontario would not be exposed to them (e.g., indoor coal emissions) and one agent due to data insufficiency (i.e., silica dust). In the end, 23 carcinogens met our inclusion criteria (see Fig. [1](#Fig1){ref-type="fig"} for flowchart outlining the environmental carcinogen selection; Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"} list the 23 carcinogens included in this study). Fig. 1Exclusion flowchart for selecting environmental carcinogensTable 1Potency values (by agency)CarcinogenOral Slope Factor (per mg/kg-day)Inhalation Unit Risk (per μg/m^**3**^)Health CanadaUS EPACalEPAHealth CanadaUS EPACalEPA**1,2-Dichloropropane**3.6E-021.0E-05**1,3-Butadiene**6.0E-013.0E-051.7E-04**2,3,7,8-Tetrachlorodibenzo-para-dioxin (TCDD)**1.3E+ 053.8E+ 01**Acrylamide**5.0E-014.5E+ 001.0E-041.3E-03**Alpha-Chlorinated toluenes**1.7E-011.7E-014.9E-05**Arsenic**1.8E+ 001.5E+ 009.5E+ 006.4E-034.3E-033.3E-03**Asbestos**^**a**^2.3E-011.9E+ 00**Benzene**^**b**^8.3E-025.5E-021.0E-013.3E-067.8E-062.9E-05**Cadmium**^**c**^9.8E-031.8E-034.2E-03**Chromium (VI)**5.0E-017.6E-021.2E-021.5E-01**Dichloromethane (methylene chloride)**7.9E-052.0E-031.4E-022.3E-081.0E-081.0E-06**Diesel particulate matter**3.0E-04**Formaldehyde**1.3E-056.0E-06**Nickel**2.6E-04**Polycyclic Aromatic Hydrocarbons (PAHs)**2.3E+ 007.3E+ 002.9E+ 003.1E-051.1E-03**Polychlorinated biphenyls (PCBs)**2.0E+ 002.0E+ 001.0E-045.7E-04**Tetrachloroethylene (PCE)**2.1E-035.4E-012.6E-075.9E-06**Trichloroethylene (TCE)**8.1E-044.6E-025.9E-036.1E-074.1E-062.0E-06**Vinyl chloride (chloroethene)**^**d**^2.6E-011.5E+ 002.7E-018.8E-067.8E-05^a^The units for the asbestos IUR are per fibres/mL^b^Where one agency presented a range for the slope factor, the high range from that agency was used^c^While CalEPA presented an OSF for cadmium we did not employ it^d^The "from birth" value was selected from US EPA IRISTable 2Population attributable fractions for selected environmental carcinogens in Ontario, CanadaCarcinogenCancer site evaluatedMean PAF % (5th, 95th PCT)^f^PM~2.5~^a^DPM^a^Lung5.8 (3.0, 9.4)Radon^b^Lung13.6 (11.2, 16.0)Second-hand smoke^c^Lung0.6 (0.1, 1.3)Solar UV radiation^d^Skin^e^79.7 (65.6, 93.8)*Abbreviations*: *5th* 95th PCT, 5th and 95th percentile estimates, *DPM* diesel particulate matter, *NA* not available, *PAF* population attributable fraction, *PM*~*2.5*~ fine particulate matter, *UV* ultraviolet^a^DPM was treated as a sub-exposure of PM~2.5~^b^The radon PAF accounted for the different risks associated with ever-smokers and never-smokers^c^Relative risks were for never-smokers exposed to second-hand smoke in their homes; PAF accounted for the different risks associated with females and males^d^Two methods were used to estimate attributable melanoma cases and an uniform distribution was fit using the estimates as the lower and upper bounds^e^Only includes melanoma skin cancer^f^See Additional file [4](#MOESM4){ref-type="media"} for more information

Exposure concentration {#Sec4}
----------------------

We tried to characterize environmental exposures from five routes: indoor air, outdoor air, food, drinking water, and indoor dust. We fit log-normal, normal, or discrete probability distributions to the carcinogen concentration data for each route of exposure that had sufficient data. We selected environmental concentration data that were representative of exposures for the Ontario population. Exposure data sources included government regulatory monitoring data, surveillance programs, and baseline studies. For individual concentrations that were below the limit of detection (LOD), we replaced the non-detects with the LOD/√2. The mean, 5th and 95th percentile concentration estimates and the sources that the estimates were based on are summarized in Table [3](#Tab3){ref-type="table"}. Additional concentration details are presented in Additional file [2](#MOESM2){ref-type="media"} and elsewhere \[[@CR14]\]. Table 3Mean, 5th and 95th percentile exposure concentrations for environmental carcinogens by route of exposureEnvironmental carcinogenRoute of exposureMean (5th, 95th PCT)UnitsReference1,2-DichloropropaneOutdoor air0.017 (0.0069, 0.032)μg/m^3^NAPS \[[@CR14]\]Indoor air0.011 (0.0046, 0.022)μg/m^3^Zhu et al. \[[@CR15]\]Drinking water0.050 (NA)μg/LDWSP \[[@CR16]\]1,3-ButadieneOutdoor air0.047 (0.0021, 0.17)μg/m^3^NAPS \[[@CR14]\]Indoor air0.15 (0.030, 0.40)μg/m^3^Health Canada \[[@CR17]\]AcrylamideFood0.28 (0.16, 0.60)μg/kg · dayAMP \[[@CR18]\]Alpha-chlorinated toluenesOutdoor air0.012 (0.0027, 0.031)μg/m^3^NAPS \[[@CR14]\]Indoor air0.016 (0.014, 0.018)μg/m^3^Health Canada \[[@CR17]\]ArsenicOutdoor air0.69 (0.10, 2.0)ng/m^3^NAPS \[[@CR14]\]Indoor air0.18 (0.025, 0.55)ng/m^3^Bari et al. \[[@CR19]\]Drinking water0.47 (0.15, 1.06)μg/LDWSP \[[@CR16]\]Food0.57 (0.37, 0.94)μg/kg · dayCTDS \[[@CR20]\]Dust18 (2.1, 38)μg/gCHDS \[[@CR21]\]AsbestosOutdoor air0.00021 (0.000017, 0.00050)fibers/mLLee et al. \[[@CR22]\]Indoor air0.00026 (0.000023, 0.00062)fibers/mLLee et al. \[[@CR22]\]BenzeneOutdoor air0.51 (0.12, 1.3)μg/m^3^NAPS \[[@CR14]\]Indoor air1.9 (0.18, 6.1)μg/m^3^Zhu et al. \[[@CR15]\]Drinking water0.050 (NA)μg/LDWSP \[[@CR16]\]CadmiumOutdoor air0.11 (0.022, 0.31)ng/m^3^NAPS \[[@CR14]\]Indoor air0.032 (0.0071, 0.084)ng/m^3^Bari et al. \[[@CR19]\]Chromium (VI)Outdoor air0.40 (0.10, 1.0)ng/m^3^NAPS \[[@CR14]\]Indoor air1.0 (0.11, 3.3)ng/m^3^Bari et al. \[[@CR19]\]Drinking water0.29 (0.053, 0.78)μg/LDWSP \[[@CR16]\]Dust147 (19, 310)μg/gCHDS \[[@CR21]\]DichloromethaneOutdoor air0.37 (0.13, 0.81)μg/m^3^NAPS \[[@CR14]\]Indoor air1.9 (0.38, 5.0)μg/m^3^Health Canada \[[@CR17]\]Drinking water0.20 (NA)μg/LDWSP \[[@CR16]\]DPMOutdoor air0.98 (0.17, 2.8)μg/m^3^CARB \[[@CR23]\]FormaldehydeOutdoor air1.9 (0.33, 5.5)μg/m^3^NAPS \[[@CR14]\]Indoor air30 (12, 61)μg/m^3^Héroux et al. \[[@CR24]\]NickelOutdoor air0.51 (0.082, 1.5)ng/m^3^NAPS \[[@CR14]\]Indoor air1.0 (0.036, 3.9)ng/m^3^Bari et al. \[[@CR19]\]PAHsOutdoor air0.099 (0.0038, 0.37)ng/m^3^NAPS \[[@CR14]\]Indoor air0.21 (0.013, 0.76)ng/m^3^Li et al. \[[@CR25]\]Drinking water1.0 (NA)ng/LDWSP \[[@CR16]\]Food55 (30, 90)ng/dayKazerouni et al. \[[@CR26]\]Dust1.8 (0.15, 6.3)μg/gMaertens et al. \[[@CR27]\]PCBsOutdoor air0.0031 (0.00039, 0.0095)pg of TEQ/m^3^NAPS \[[@CR14]\]Indoor air0.19 (0.046, 0.47)pg of TEQ/m^3^Harrad et al. \[[@CR28]\]Food0.081 (0.049, 0.22)pg of TEQ/kg · dayCTDS \[[@CR20]\]Dust0.0096 (0.0017, 0.019)ng of TEQ/gHarrad et al. \[[@CR28]\]PM~2.5~Outdoor air5.8 (3.8, 8.3)μg/m^3^AQO \[[@CR29]\]TCDD (dioxins)Outdoor air0.014 (0.0028, 0.040)pg of TEQ/m^3^NAPS \[[@CR14]\]Food0.80 (0.44, 2.4)pg of TEQ/kg · dayCTDS \[[@CR20]\]Tetrachloroethylene (PCE)Outdoor air0.088 (0.017, 0.24)μg/m^3^NAPS \[[@CR14]\]Indoor air0.71 (0.037, 2.6)μg/m^3^Zhu et al. \[[@CR15]\]Drinking water0.053 (0.033, 0.080)μg/LDWSP \[[@CR16]\]Trichloroethylene (TCE)Outdoor air0.038 (0.0037, 0.13)μg/m^3^NAPS \[[@CR14]\]Indoor air0.065 (0.0079, 0.20)μg/m^3^Zhu et al. \[[@CR15]\]Drinking water0.053 (0.036, 0.075)μg/LDWSP \[[@CR16]\]Vinyl chlorideOutdoor air0.0027 (0.00074, 0.0063)μg/m^3^NAPS \[[@CR14]\]Indoor air0.025 (0.020, 0.030)μg/m^3^Health Canada \[[@CR17]\]Drinking water0.050 (NA)μg/LDWSP \[[@CR16]\]*Abbreviations*: *5th* 95th PCT, 5th and 95th percentiles, *AMP* Acrylamide Monitoring Program, *AQO* Air Quality Ontario, *CARB* California Air Resources Board, *CHDS* Canadian House Dust Study, *CTDS* Canadian Total Diet Study, *DPM* diesel engine exhaust particulate matter, *DWSP* Drinking Water Surveillance Program, *NA* not available, *NAPS* National Air Pollution Surveillance Program, *PAHs* polycyclic aromatic hydrocarbons, *PCBs* polychlorinated biphenyls, *PM*~*2.5*~ fine particulate matter, *TCDD* 2,3,7,8-tetrachlorodibenzo-para-dioxin, *TEQ* toxic equivalency factor

Probabilistic approach {#Sec5}
----------------------

We used a probabilistic approach to estimate the annual number of cancer cases attributable to each environmental carcinogen. The probabilistic approach incorporated known variability and uncertainty in the inputs, characterizing them as distributions rather than point estimates, following Hanninen et al. \[[@CR10]\], Gakidou et al. \[[@CR15]\], and P-U et al. \[[@CR16]\]. We performed Monte Carlo simulations using the \@RISK add-in for Excel (version 7.5.2, Pallisade Corporation, 2016) to estimate the annual cancer burden associated with each carcinogen. We reported the mean and 90% prediction interval (90% PI) for each burden estimate. The number of iterations was 10,000 and the sampling type was Latin Hypercube \[[@CR17]\]. We used one of two established models to estimate the annual cancer burden based on the nature of the concentration-response functions that were available for each carcinogen: risk assessment and population attributable fraction.

Risk assessment model {#Sec6}
---------------------

Human health risk assessment frameworks have been widely employed by agencies such as the United States Environmental Protection Agency \[[@CR18]\], Health Canada \[[@CR19]\], and the World Health Organization \[[@CR20]\] to estimate excess cancer risk from lifetime exposure to carcinogens. We used the risk assessment model for 19 of the 23 selected carcinogens (see Table [1](#Tab1){ref-type="table"}). We used exposures for the most recent year available and assumed these exposures would continue over a lifetime.

Conceptually, lifetime attributable cancer cases were estimated by the following formula: $$\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{Attributable}\ \mathrm{Cancers}=\mathrm{Average}\ \mathrm{Lifetime}\ \mathrm{Exposure}\bullet \mathrm{Potency}\bullet \mathrm{Population}\ \mathrm{Exposed}$$\end{document}$$

This was divided by 80 years to give an annual attributable number of future cancers. The full details, inputs, and equations are described in Additional file [3](#MOESM3){ref-type="media"} and elsewhere \[[@CR14]\]. Briefly, the annual cancer burden estimate for each carcinogen was the sum of the estimates for each potential route of exposure where there were available input data for more than one route of exposure. For the annual cancer estimates for indoor and outdoor air, the potency was the inhalation unit risk (units: inverse μg/m^3^), and we assumed Ontario residents spend 96% of their time, on average, indoors \[[@CR21]\]. For the annual cancer estimates for drinking water, food, and indoor dust, the potency was the oral slope factor (units: inverse mg/kg-d) and we applied appropriate exposure factor distributions for drinking water ingestion rates (L/d), dust ingestion rates (mg/d), and bodyweights (kg) \[[@CR21], [@CR22]\]. The population of Ontario under the age of 80 was approximately 12.7 million in the year 2011 \[[@CR23]\].

The oral slope factors and inhalation unit risks were typically derived from models applied to animal studies or occupational studies where animal subjects or human participants were exposed to high levels of the carcinogen. As defined by the agencies, they represent an upper bound on cancer risk rather than a central estimate. We obtained oral slope factors and inhalation unit risks from Health Canada \[[@CR24]\], the United States Environmental Protection Agency \[[@CR25]\], and the California Environmental Protection Agency \[[@CR26]\]. If more than one oral slope factor or inhalation unit risk was available for a carcinogen, the potency estimate was modeled as a discrete uniform probability distribution. All potency values for each carcinogen are listed in Table [1](#Tab1){ref-type="table"}.

Population attributable fraction model {#Sec7}
--------------------------------------

It was not possible to apply a risk assessment model to all carcinogens based on the nature of the concentration-response data available. As such, we based our approach on previous literature and employed a population attributable fraction (PAF) model \[[@CR5], [@CR7]--[@CR10], [@CR15], [@CR16]\].

We estimated current annual attributable cancer cases associated with 5 of the 23 selected carcinogens (listed in Table [2](#Tab2){ref-type="table"}) using the following general formula: $$\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm{Annual}\ \mathrm{Attributable}\ \mathrm{Cancer}\mathrm{s}=\mathrm{Population}\ \mathrm{Attributable}\ \mathrm{Fraction}\bullet \mathrm{Annual}\ \mathrm{Cancer}\ \mathrm{Incidence}$$\end{document}$$

Details of the PAF models we developed for each carcinogen can be found in Additional file [4](#MOESM4){ref-type="media"} and elsewhere \[[@CR14]\] and the values are summarized in Table [2](#Tab2){ref-type="table"}. Briefly, for fine particulate matter (PM~2.5~), the PAF was a function of provincial annual average PM~2.5~ exposure \[[@CR30]\] and a relative risk from a meta-analysis conducted by Hamra et al. \[[@CR27]\] that demonstrated a relationship between PM~2.5~ exposure and lung cancer. Diesel engine exhaust particulate matter (DPM) was treated as a subset of PM~2.5~. The same relative risk was used for DPM as PM~2.5~ and the environmental DPM concentration was derived from a county-level California study \[[@CR28]\]. For radon, we relied on a PAF developed for Ontario by Peterson et al \[[@CR29]\] The radon PAF was based on the exposure-age-concentration BEIR-VI model to calculate the excess risk ratio relating indoor residential radon exposure to lung cancer mortality \[[@CR30]\].

We developed de novo PAF estimates for solar ultraviolet (UV) radiation and second-hand smoke \[[@CR14]\]. For second-hand smoke, Levin's standard formula was adapted to incorporate the estimated number of lung cancer cases among non-smokers, which was calculated using a method described by Öberg et al \[[@CR31]\] For solar UV radiation, we developed a PAF to estimate the number of UV radiation-attributable melanoma skin cancer cases using two methods to estimate melanoma incidence in an Ontario population unexposed to solar UV radiation. The first method, described by Parkin et al. \[[@CR32]\], classified an Ontario 1913 birth cohort as the unexposed population, while the second method, described by Armstrong and Kricker \[[@CR33]\], classified the African-American population in the United States as the unexposed population.

Incidence data for site-specific cancers in Ontario during the year 2011 were obtained from the Ontario Cancer Registry (Cancer Care Ontario SEER\* Stat Package Release 10 -- OCR \[August 2015\]). This data source recorded 9663 lung cancer cases and 3184 melanoma skin cancer cases in Ontario during the year 2011.

Results {#Sec8}
=======

Of the 115 potential environmental carcinogen-exposure pathway pairings (23 × 5), we estimated annual cancer cases for 55 pairings of the 23 carcinogens and relevant routes of exposure (Table [4](#Tab4){ref-type="table"}). Plausible pairings between environmental carcinogen and route of exposure were assessed (e.g., second-hand smoke in indoor air versus food) if sufficient input data were available (e.g., exposure and potency estimate). We reported estimates exceeding 10 annual mean cancers per year (our reporting threshold). Exposure to 3/20 carcinogens from outdoor air or sunlight exposures resulted in more than 10 annual mean cancer cases. Similarly, exposure to 5/18 indoor air carcinogens and 3/5 food carcinogens exceeded our reporting threshold. None of the annual mean cancers estimates exceeded the reporting threshold for drinking water (0/8) or dust (0/4). Data limitations were identified for food (3/8), drinking water (5/13), and indoor dust pairings (1/5). Table 4Mean estimated annual number of cancer cases by carcinogen and routes of exposure^\*^ Indicates a population attributable fraction model was used to estimate the annual cancer cases; otherwise a risk assessment model was used^†^Diesel particulate matter was treated as a component of fine particulate matter (PM~2.5~), so the annual cancer cases should not be summed

We summed annual cancer case estimates across the routes of exposure for each carcinogen. Table [5](#Tab5){ref-type="table"} displays the simulation results for 10 of the 11 carcinogens meeting the reporting threshold (since diesel PM~2.5~ was treated as a subset of PM~2.5~, we do not present it in Table [5](#Tab5){ref-type="table"}). The boxplot indicates the median, 25th and 75th percentile estimates by vertical lines, the mean with an x, and outliers (points outside 1.5 interquartile ranges of the 25th and 75th percentiles) with circles. The top three carcinogens \-- solar UV radiation, radon, and PM~2.5~ -- had mean annual cancer estimates over 500 cases and together accounted for over 90% of the environmental burden of cancer for the province. Arsenic and acrylamide had mean annual cancer estimates that were over 100 cases. Other carcinogens meeting the reporting threshold (in descending order) were: asbestos, formaldehyde, second-hand smoke, and dioxins. Overall, we estimated between 3540 and 6510 annual cancer cases in Ontario are attributable to environmental carcinogens. Table 5Estimated annual number of cancer cases from select environmental carcinogens in Ontario (rounded to nearest 10)CarcinogenMeanRangeLower estimateUpper estimateSolar ultraviolet (UV) radiation254020902990Radon131010801550Fine particulate matter (PM~2.5~)560290900Arsenic12020370Acrylamide11010320Asbestos400130Formaldehyde4010100Second-hand smoke (SHS)402050Dioxins201050Chromium10020TOTAL479035406510Only carcinogens with a mean annual burden above 10 are listed in the table

Discussion {#Sec9}
==========

We estimated the annual number of cancer cases from exposure to 23 environmental carcinogens in Ontario. Understanding the relative contributions of these carcinogens to cancer burden may be useful in informing exposure reduction strategies and policy interventions. Regulations reducing emissions and setting tighter standards for food and consumer products have been used to reduce exposures to carcinogens of human origin. While this strategy is less useful in dealing with naturally occurring carcinogens, there is evidence that interventions targeting behavioural change can be effective in reducing these risks. For example, television advertising and internet education campaigns have increased sun-protection behaviors in Australia \[[@CR34], [@CR35]\] and the United States \[[@CR36]\], respectively.

This analysis can be reproduced in the future to track trends, or be undertaken by other jurisdictions. The results provide estimates for the province as a whole and not for subregions or individual communities. However, much of the policy to address environmental carcinogens is made at the provincial level and we believe our estimates will provide a useful basis for priority setting by policy makers in both the health and environmental sectors.

Our estimate of approximately 3500 to 6500 annual cancer cases from exposure to environmental carcinogens in Ontario is larger than estimated cancer burdens from alcohol (1000 to 3000 cases) \[[@CR37]\], obesity (2600 cases) \[[@CR38]\], or infections (2400 to 3600 cases) \[[@CR39]\]. However, our estimate is about half the cancer burden from tobacco smoking for the province (10,000 cases) \[[@CR40]\]. Scaling annual estimates for the Canadian environmental burden of disease from Boyd and Genuis \[[@CR41]\], who used an outcome-based approach to estimate burden, to the province of Ontario yields a range of 3200 to 9600. Their larger upper bound estimate may reflect their use of different input data sources, including previous burden of disease studies, to estimate an overall PAF.

Solar UV radiation, radon, and PM~2.5~ -- in that order - dominated the estimated environmental burden of cancer in Ontario, with solar UV radiation accounting for the greatest number of cancer cases. In agreement with this finding, an assessment of cancer burden in the United Kingdom in 2010, for which the only overlapping carcinogens with our study were solar UV radiation, radon, and second-hand smoke, reported that malignant melanoma cases attributable to solar UV radiation were roughly an order of magnitude greater than lung cancer cases attributable to radon and lung cancer cases attributable to second-hand smoke \[[@CR32], [@CR42], [@CR43]\]. Similarly, in an updated assessment of cancer burden in the United Kingdom in 2015, reported cancer cases attributable to solar UV radiation were roughly double those attributable to ionizing radiation (including radon) and roughly four-fold greater than cancer cases attributable to anthropogenic PM~2.5~ \[[@CR8]\]. Hänninen and Knol \[[@CR32]\] estimated the burden of cancer for five overlapping environmental carcinogens in six European countries. Their relative ranking (in disability-adjusted life years, DALY) was PM~2.5~ (nearly 350,000 DALYs), radon (over 190,000 DALYs), dioxins (over 110,000 DALYs), second-hand smoke (nearly 20,000 DALYs), and benzene (less than 1000 DALYs).

Our identification of solar UV radiation, radon, and PM~2.5~ as dominant contributors to the environmental burden of cancer in Ontario is in keeping with the findings of a formative cancer burden estimate for the United States \[[@CR44]\]. Although their work was limited by the state of the evidence regarding environmental carcinogens that existed at that time, Doll and Peto nevertheless identified sunlight, background ionizing radiation, and pollution (air, water, and food) as important cancer risk factors \[[@CR44]\]. However, their approach did not estimate the relative contributions of individual environmental carcinogens to cancer burden, as we have done in our study. Much of the information we used to perform our more detailed assessment was not available when Doll and Peto completed their work.

We applied the PAF method to five carcinogens. While cancer incidence is expected to increase over time, the relative ranking of the carcinogens is not expected to change if the increase is similar for the two cancer types we examined (melanoma and lung). Our PAF range of 64.0 to 95.4% for melanoma skin cancer cases attributable to solar UV radiation exposure encompasses equivalent PAFs reported for other high-income countries \[[@CR6], [@CR8], [@CR32], [@CR45], [@CR46]\]. All of these PAFs were based on the use of early twentieth century birth cohorts, African Americans, or the general United Kingdom population to approximate unexposed populations. However, Grundy et al. based their substantially lower PAF estimate of 12.5% for solar UV radiation in Alberta, Canada, on a minimum risk exposure level of no sunburn in lifetime \[[@CR5]\]. Their approach implies a threshold for the carcinogenic effects of UV radiation.

Our PAF of 13.6% (90% PI: 11.2 to 16.0%) for lung cancer cases attributable to radon exposure was similar to the PAF of 16.6% (95% CI: 9.4 to 29.8%) reported for an assessment of cancer burden in Alberta, Canada in 2012 \[[@CR47]\]. To estimate a PAF for Alberta, Canada, Grundy et al. \[[@CR47]\] followed the same approach as Peterson et al. \[[@CR29]\], which was the source of the Ontario-specific PAF we used in our study. For both studies, the PAF was based on an exposure-age-concentration model from the United States National Research Council \[[@CR30]\].

We estimated a PAF of 5.8% (90% PI: 3.0 to 9.4%) for lung cancer cases attributable to PM~2.5~ exposure in Ontario. This estimate was comparable to air pollution-lung cancer PAFs of 1.9 to 5.7% reported for Alberta, Canada in 2012 \[[@CR48]\] and 7.8% reported for the United Kingdom in 2015 \[[@CR8]\]. Although the PAF reported for the United Kingdom was based on the same relative risk from Hamra et al. \[[@CR27]\] we used in our study, the Alberta PAF reflected levels above 7.5 or 3.2 μg/m^3^ and was based on older risk estimates \[[@CR49], [@CR50]\]. All three PAFs were developed using annual average PM~2.5~ concentrations specific to the province or country for which the burden was estimated.

We applied a risk assessment model to estimate the burden of 19 carcinogens across several routes of exposure including inhalation (indoor and outdoor air) and ingestion (food, drinking water, and dust). The top environmental carcinogens identified by this method were arsenic, acrylamide, asbestos, formaldehyde, dioxins, and chromium. Our findings are consistent with previous studies that examined fewer carcinogens and routes of exposure. Vromman et al. identified arsenic as a high priority carcinogen and/or genotoxic contaminant in food \[[@CR51]\]. Woodruff et al. found 75% of the cancer risk of 148 hazardous air pollutants was due to polycyclic organic matter, 1,3-butadiene, formaldehyde, benzene, and chromium \[[@CR11]\].

Consistent with any cancer burden analysis, there are several limitations associated with our study. First, our characterization of population exposure was limited by available data. For example, there were more carcinogen-exposure pairings that lacked exposure data for drinking water (*n* = 5) and food (*n* = 3) than there were for indoor or outdoor air (where we did not identify any exposure data limitations). Furthermore, some carcinogens had much more data to develop the input concentration distributions (e.g., there were 39 PM~2.5~ monitors across the province), but others had more limited data (e.g., we located only one study reporting an intake for food for polycyclic aromatic hydrocarbons). The data sources we used reflected general population exposure, rather than highly exposed individuals. We did not consider potential differences in susceptibility to environmental carcinogens for different population sub-groups. In part, this was due to a lack of available data but also in recognition that much of the policy in this area is made at a provincial or national level.

Second, our results reflect the many assumptions we made to conduct this analysis. The assumptions reflect the application of toxicological evidence, the characterization of mean exposures, and lifetime exposure periods for the risk assessment model. For the PAF model, they reflect the application of epidemiological evidence, the characterization of mean exposures, and latency information. We also decided to assume current exposures continue 'as is' into the future as we thought this would be more informative for policy makers than if we based estimates on historical exposures that cannot be addressed by new control policies.

Third, because of data availability, we were unable to account for in our analysis if one carcinogen impacted more than one cancer type. Similarly, we did not account for when many carcinogens impacted one cancer type. To illustrate this, we used the PAF model to estimate the lung cancers attributable to exposure to radon, PM~2.5~, and second-hand smoke. One approach to combine carcinogen exposures for the same disease is the product of complements (e.g., Prüss-Üstün et al. 2016) \[[@CR43]\]. Applying this approach would scale each of our results by 0.95, reducing the radon estimate by 60 annual cases, the PM~2.5~ estimate by 30 annual cases, and keeping the SHS estimate the same (rounded to the nearest 10). It would not affect the rank ordering of our overall results.

Fourth, while we accounted for the population variability and known uncertainty in the inputs, we were unable to completely separate the two in our analysis. Table [6](#Tab6){ref-type="table"} highlights and contrasts the variability and/or uncertainty associated with each input. It should be noted, there is more uncertainty associated with the relative risks, PAFs, and OSFs/IURs than we were able to quantify. Similarly, we were unable to quantify uncertainty associated with the concentration estimates, though we know this to exist. Our modeling of population exposure can be interpreted as representing maximal uncertainty. Future analyses should fully separate uncertainty from variability. Table 6Variability and uncertainty in probabilistic inputsInputRA^a^PAF^b^Variable across the population?Uncertain?**Potency values (OSF and IUR)**√Potency may vary across the population, but there was no information to characterize it for this analysis.Yes, different agencies may set different potency values; this is captured in this analysis (see Table [1](#Tab1){ref-type="table"}). However, potency values are themselves uncertain and that was not captured in this analysis.**Exposure factors (e.g., ingestion rate, bodyweight)**√Yes, exposure factors vary within and across age bins. This is captured in this analysis (see Additional file [3](#MOESM3){ref-type="media"}).Yes, but there was no information to characterize it in this analysis.**Population**√No, one point estimate for the province (from 2011 Census).Yes, but uncharacterized. Expect the Census number to be robust.**Concentration**√√Yes, the exposure concentration varies across the population and this is captured in this analysis. However, there may be additional variability that is not captured by the input data sources.Yes, but there was no information to characterize it for this analysis.^c^**Relative risk**√Yes, the RR could differ by sub-populations (e.g., by sex or age group). This captured in the analysis whenever possible for UV and SHS.Yes, the analysis captured the statistical uncertainty in the RRs (e.g., 95% confidence intervals) whenever possible. However, there is additional uncertainty associated with the RRs and that was not captured in this analysis for UV, SHS, DPM, and PM~2.5~.**Population attributable fraction**√The PAF varies across the population, and this is captured for radon.Yes, though we were unable to characterize it outside of the statistical uncertainty associated with radon and bounding the PAF obtained by different approaches in the UV analysis.**Cancer Incidence**√No, one estimate for the province (from 2011 Ontario Cancer Registry).Yes, but uncharacterized. Expect the Ontario Cancer Registry estimate to be robust.*DPM* diesel particulate matter, *IUR* inhalation unit risk (IUR), *OSF* oral slope factor, *PAF* population attributable fraction, *PM*~*2.5*~ fine particulate matter, *RA* risk assessment, *SHS* second-hand smoke, *UV* ultraviolet^a^Refer to Table [1](#Tab1){ref-type="table"} for the list of environmental carcinogens corresponding to the RA model (*n* = 19) and Additional file [3](#MOESM3){ref-type="media"} for model details^b^Refer to Table [2](#Tab2){ref-type="table"} for the list of environmental carcinogens corresponding to the PAF model (*n* = 5) and Additional file [4](#MOESM4){ref-type="media"} for model details^c^In interpreting the results of the simulation, one can imagine that there is maximal uncertainty at every concentration (e.g., 100% of population exposed at 25th percentile concentration for 25th percentile simulation result)

Our study also has several strengths. We systematically assessed the burden of all relevant environmental carcinogens and routes of exposure. We started with IARC-identified carcinogens and restricted our assessment based on their relevance to Ontario and the availability of exposure and potency data. As such, we were able to compare the burden for environmental carcinogens with very different sources and routes of exposure. Our analysis considered environmental agents deemed by IARC as carcinogenic (Group 1) or probably carcinogenic (Group 2A) to humans. Had we restricted our analysis only to Group 1 agents, acrylamide would be dropped from our results, since evidence for this carcinogen was deemed to be sufficient in animals but limited in humans. On the other hand, had we expanded our analysis to include agents deemed as possibly carcinogenic to humans (Group 2B; e.g., perfluorooctanoic acid or PFOA, electromagnetic fields or EMF) or whose carcinogenicity was deemed not classifiable (Group 3; e.g., a particular phthalate), we might have expanded our results, but faced additional data limitations regarding potency and concentration inputs.

The variability and uncertainty in the inputs is reflected in the simulation results. Additional file [5](#MOESM5){ref-type="media"} shows how the mean results would change if the minimum or maximum value of each input were used (in tornado plots). The range in the overall cancer estimate was driven largely by the uncertainty in the estimates for our top two carcinogens, UV and radon. For these carcinogens, this was a function of the uncertainty in the population attributable fraction. In a sensitivity analysis, using the low or high PAF input resulted in an annual cancer estimate that was ±18% of the mean (UV) or ± 19% of the mean (radon). For the third ranking carcinogen, PM~2.5~, using the low or high input resulted in an annual cancer estimate that was ±41% of the mean for PAF and 35% below or 47% above the mean for concentration.

For arsenic, the most influential inputs were: the oral slope factor (low/high inputs resulted in annual cancers that were 65% below or 125% above the mean), the concentration of arsenic in food (low/high inputs resulted in annual cancers that were 33% below or 70% above the mean), the fraction of arsenic that was inorganic (low/high inputs resulted in annual cancers that were ± 45% of the mean), followed by other inputs (e.g., bodyweight/ingestion rate by age group, concentration of arsenic in outdoor air or dust; low/high inputs resulted in annual cancers that were ± 8% of the mean). By adopting a probabilistic approach instead of a deterministic approach, we were able to avoid implausibly precise (and potentially upward biased) burden estimates resulting from calculations using upper bound point estimates \[[@CR52]\].

We provided a comparison of the burden of 23 environmental carcinogens across Ontario. This work could be conducted on a regular basis or extended to other jurisdictions, to identify top contributors to cancer burden and track progress in burden reduction. It could also be expanded as new carcinogens are identified and new potency information becomes available (e.g., \[[@CR53]\]). One potential area for expansion is to re-examine the IARC agent classifications and select the environmental carcinogens, as carcinogens have been added since we conducted this work. Future work could also explore additional burden metrics. Other burden metrics include deaths, hospitalizations, cost, and disability-adjusted life years (which reflect mortality and morbidity). Assuming solar UV radiation is associated with malignant melanoma and that radon and PM~2.5~ are associated with lung cancer, differences in mortality between these two cancers might result in a difference in carcinogen rankings depending on whether one uses incident cancers or fatal cancers as the metric. However, to the extent that cancer mortality is also a function of the availability and effectiveness of treatment, this could dilute the focus on primary prevention.

Conclusions {#Sec10}
===========

We estimated the annual cancer cases from exposure to 23 environmental carcinogens in Ontario, Canada using probabilistic risk assessment and PAF models. The burden (between 3540 and 6510 annual cancer cases) fell between previous estimates for the burden of alcohol and tobacco use. Top carcinogens were solar UV radiation, radon, and PM~2.5~, followed by arsenic and acrylamide. These findings can inform policy making and priority setting in health and environmental protection. This analysis could be reproduced at a later date to track trends in Ontario and could also be applied to other jurisdictions.
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DPM

:   Diesel engine exhaust particulate matter

IARC

:   International Agency for Research on Cancer

PAF

:   Population attributable fraction

PM~2.5~

:   Fine particulate matter

UV

:   Ultraviolet

90% PI

:   90% prediction interval
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